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The epidermal growth factor receptor (EGFR) is often amplified and
rearranged structurally in tumors of the brain, breast, lung, and
ovary. The most common mutation, EGFRvIII, is characterized by an
in-frame deletion of 801 base pairs, resulting in the generation of
a novel tumor-specific epitope at the fusion junction. A murine
homologue of the human EGFRvIII mutation was created, and an
IgG2a murine mAb, Y10, was generated that recognizes the human
and murine equivalents of this tumor-specific antigen. In vitro, Y10
was found to inhibit DNA synthesis and cellular proliferation and
to induce autonomous, complement-mediated, and antibody-
dependent cell-mediated cytotoxicity. Systemic treatment with i.p.
Y10 of s.c. B16 melanomas transfected to express stably the murine
EGFRvIII led to long-term survival in all mice treated (n 5 20; P <
0.001). Similar therapy with i.p. Y10 failed to increase median
survival of mice with EGFRvIII-expressing B16 melanomas in the
brain; however, treatment with a single intratumoral injection of
Y10 increased median survival by an average 286%, with 26%
long-term survivors (n 5 117; P < 0.001). The mechanism of action
of Y10 in vivo was shown to be independent of complement,
granulocytes, natural killer cells, and T lymphocytes through in vivo
complement and cell subset depletions. Treatment with Y10 in Fc
receptor knockout mice demonstrated the mechanism of Y10 to be
Fc receptor-dependent. These data indicate that an unarmed,
tumor-specific mAb may be an effective immunotherapy against
human tumors and potentially other pathologic processes in the
‘‘immunologically privileged’’ central nervous system.

central nervous system neoplasms u epidermal growth factor
receptor u immunotherapy

The epidermal growth factor receptor (EGFR) gene is often
amplified and mutated in human neoplasms (1–4). The most

frequently observed mutation, EGFRvIII, enhances tumorige-
nicity (5, 6) and is found on a high percentage of malignant
gliomas (2, 7), breast carcinomas (7, 8), nonsmall cell lung
carcinomas (9), and ovarian tumors (7). This mutation is char-
acterized by a consistent in-frame deletion of 801 base pairs from
the extracellular domain that splits a codon and produces a novel
glycine at the fusion junction (1, 10). This fusion junction
encodes a tumor-specific protein sequence expressed on the
surface of tumor cells that is not present in normal tissues (1,
7–9), making it an ideal target for antitumor immunotherapy.

Previously, we described the production of murine mAbs that
recognize the tumor-specific antigen EGFRvIII (8). In this
report, we demonstrate that one of these antibodies, Y10,
specifically recognizes a murine homologue of EGFRvIII; in-
hibits DNA synthesis and cellular proliferation; induces auton-
omous, complement-mediated, and antibody-dependent cell-
mediated cytotoxicity in vitro; and mediates potent Fc receptor
(FcR)-dependent antitumor effects in vivo (11).

i.p. injections of unarmed Y10 consistently caused rejection of
s.c. B16 melanomas expressing the murine EGFRvIII and in-
duced long-lasting antitumor immunity. Similarly, direct injec-
tion of Y10 into established B16 melanomas in the ‘‘immuno-

logically privileged’’ central nervous system (CNS) prolonged
survival and led to complete tumor rejection in almost one-third
of tumor-bearing mice. These data demonstrate that unarmed
mAbs can serve as specific and potent therapeutic agents within
the CNS.

Materials and Methods
Animal Models and Tumor Cell Lines. All experiments used 6- to
12-week-old female mice that were maintained in a virus-free
environment in accordance with the Laboratory Animal Resource
Commission standards. The B16F10 murine melanoma cell line
(12) was provided by I. Fidler (M. D. Anderson Cancer Center,
Houston). The U87MGDEGFR malignant glioma cell line, derived
from transfection of the U87 malignant glioma cell line with human
EGFRvIII (5), was provided by W. Cavanee (Ludwig Institute, San
Diego). All cell lines were grown in antibiotic-free zinc option
medium (Life Technologies, Grand Island, NY) containing 10%
(volyvol) heat-inactivated FCS and were shown to be free of
Mycoplasma contamination as described (13).

Murine EGFRvIII. A murine homologue of the human EGFRvIII
mutation was created by using cDNA sequences spanning the
murine EGFR (EMBL X78987) kindly provided by A. Dunn
(Ludwig Institute for Cancer Research, Royal Melbourne Hos-
pital, Victoria, Australia). The precise cDNA sequences cloned
into pMFG as described (14) to construct the murine EGFRvIII
(msEGFRvIII) were as follows: base pairs 60–147, GT,
951-3737. This cloning procedure creates a junctional
peptide LEEKKGNYVVTDH identical to that found in human
EGFRvIII (1). CRIP packaging cell lines (15) producing repli-
cation-defective retroviral vectors containing the murine EGFR-
vIII were then generated and used to transfect B16 cells (16).
Transfected cells were single-cell cloned twice, and positive
clones were selected by flow cytometry. EGFRvIII expression
was quantitated by Quantum Simply Cellular Microbeads and
software (Flow Cytometry Standards, San Juan, PR; ref. 17).
Expression of msEGFRvIII in the B16-msEGFRvIII clone was
stable through 20 passages in vitro and 20 days of intracerebral
(i.c.) and s.c. growth in vivo and was shown to be expressed on
the cell surface as well as in the cytoplasm.

mAbs. The production and characterization of Y10, a murine
IgG2a mAb specific for EGFRvIII, has been described (8). Y10
specifically recognizes both the human and murine equivalents
of EGFRvIII. For this study, Y10 ascites was induced in athymic
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mice, purified on a protein A column, concentrated on an ABX
ion-exchange column, and checked for quality by size-exclusion
chromatography and ELISA (1, 18). M22.1 is a murine IgG2a
mAb specific for methylguanine methyltransferase that is used as
an isotype-matched control. Binding affinity was confirmed by
BiaCore (Piscataway, NJ) analysis.

In Vitro Cytotoxicity Assays. Murine effector cells were harvested
from the peritoneal cavity of mice primed 3 days earlier with
Brewer’s thioglycolate. Human effector cells were isolated from
peripheral blood by using density gradient centrifugation with
Cappel lymphocyte separation medium (ICN). Effector cells
were washed, resuspended at 2.5 3 106 cells per ml in RPMI
medium 1640 containing 10% (volyvol) FCS, plated into 48-well
plates (5 3 105 cells per well), and incubated at 37°C and 5%
CO2. After 2 h, each well was rinsed twice with 500 ml of Hanks’
balanced salt solution to remove nonadherent cells. Target cells
were incubated for 24 h with methyl-[3H]thymidine (New En-
gland Nuclear), washed twice, and resuspended at 2 3 105 cells
per ml in Dulbecco’s PBS (DPBS) containing 100 mgyml of
mAb. After 1 h, target cells were plated into 48-well plates at
indicated dilutions and incubated at 37°C and 5% CO2. Plates
were centrifuged, and 150 ml of supernatant was harvested from
triplicate wells at indicated time points, mixed with 10 ml of
Safety-Solve (Research Products International) in scintillation
vials, and counted. Maximal lysis was induced by 1 M NaOH.

Complement-mediated lysis was evaluated against target cells
incubated with 51Cr (Amersham Pharmacia) for 1 h, washed in
DPBS, resuspended in DPBS at 2 3 105 cells per ml, and plated
into 96-well plates (1 3 104 cells per well). Serial dilutions of
mAb or polyclonal antiserum were then added to each well in
50-ml volumes. Rabbit complement (Cedarlane Laboratories),
titrated by hemolysis of sensitized sheep erythrocytes (Sigma),
was then added to each well in a volume of 50 ml at a final dilution
of 1y15. Incubation was performed at 37°C for 2 h, after which
plates were centrifuged, and supernatants were counted.

In Vitro Proliferation Assays. B16-msEGFRvIII cells were incu-
bated with 10 mgyml of mAb as described above. Cells were then
harvested with 0.125% trypsin, counted or washed twice in
DPBS with 0.1% glucose, and fixed overnight with 70%
(volyvol) ethanol. Cells were then centrifuged at 1,333 3 g for
10 min, resuspended at a concentration of 1 3 106 cells per ml
in DPBS with 0.1% glucose, 50 mgyml propidium iodide (Sig-
ma), and 100 unitsyml of RNase A (Sigma), and analyzed by
flow cytometry.

Tumor Therapy. B16-msEGFRvIII cells were harvested with
0.125% trypsiny0.02% EDTA and washed once in serum-
containing medium and twice in DPBS. Trypan blue-resistant
cells were counted. For s.c. tumors, 1.5 3 104 cells were injected
in the right flank in a volume of 500 ml. For i.c. tumors,
resuspended cells were mixed with an equal volume of 10%
(volyvol) methylcellulose in zinc option medium and loaded into
a 250-ml syringe (Hamilton) with an attached 25-gauge needle.
The needle was positioned at the bregma, 2 mm to the right of
the midline suture and 4 mm below the surface of the skull by
using a Kopf stereotactic frame (Kopf Instruments, Tujunga,
CA). In a volume of 5 ml, 500 cells were implanted into the right
caudate nucleus of the brain. Systemic therapy with Y10 com-
menced with an i.p. injection of 500 mg of mAb in a volume of
250 ml of DPBS on the day of tumor implantation. Subsequent
i.p. injections of 200 mg of mAb in a volume of 100 ml were
delivered every other day for 20 days. For direct therapy of i.c.
tumors, a single dose of 10 mg of mAb in a volume of 5 ml of
DPBS was injected at the previous tumor-injection site 1 day
after tumor inoculation. Mice were rechallenged in the con-
tralateral caudate nucleus.

In Vivo Complement Depletion. Cobra Venom Factor (Sigma) was
injected i.p. in 250 ml of DPBS 12 h before tumor challenge at
a dose predetermined to deplete serum C3, an essential com-
ponent of the complement cascade. Whole blood was collected
from the retro-orbital plexus to confirm depletion of C3 with a
sandwich ELISA.

Leukocyte Subset Depletions. CD41, CD81, granulocyte, and
natural killer (NK) cell subsets were depleted in vivo as described
(16). Anti-CD4 (GK1.5; ref. 19) and anti-CD8 (2.43; ref. 20)
mAbs were produced as described (16). RB6, an antibody used
for granulocyte depletion, was provided by R. Coffman (DNAX;
ref. 21). Polyclonal rabbit anti-asialo GM1 antibody against
murine NK cells was obtained commercially (Wako Chemicals,
Richmond, VA). All antibodies were injected once i.v. 3 days
before tumor challenge and i.p. every 5 days thereafter with
pretitrated amounts of antibody as described (16). Flow cyto-
metric analysis of splenocytes with fluorescein isothiocyanate-
labeled anti-CD3 (145–2C11), anti-CD4 (GK1.5), and anti-CD8
(53–6.72) antibodies (BD PharMingen, San Diego) confirmed a
.97% depletion of the targeted subset and a normal level of the
other subsets. NK cell depletion was confirmed by immunohis-
tochemical staining of the spleen, and granulocyte depletion was
confirmed by analysis of peripheral blood smears.

Immunohistochemistry. Brains from tumor-bearing animals were
snap frozen in Tissue-Tek O.C.T. (Miles), sectioned at 4 mm onto
gelatin-coated slides, and fixed in cold acetone. Immunoperoxidase
staining was performed by using the avidin-biotin-peroxidase Vec-
tastain Elite ABC kit (Vector Laboratories). Primary antibodies
were GK 1.5 (anti-CD4; ref. 19), 2.43 (anti-CD8; ref. 20), and F4y80
(anti-macrophage; ref. 22), and affinity-purified and absorbed
rabbit polyclonal antibody sera raised against EGFRvIII (1). Sec-
ondary antibodies were biotinylated goat a-rat Ig and goat a-rabbit
Ig (Vector Laboratories). Sections were developed with 3,39-
diaminobenzidine tetrahydrochloride, counterstained with 1% he-
matoxylin, and permanently mounted. Results were analyzed by an
observer blinded to the therapy.

Statistical Analysis. Survival curves were estimated for each
treatment group by using the product-limit estimator of Kaplan
and Meier (23). Survival data were compared by using the
proportional hazards regression model described by Cox (24).
Student’s t test was used to assess statistical significance of other
data. Statistical significance was determined at the 0.05 level.

Results
Murine mAb Y10 has been shown to be specific for the EGFR-
vIII (8). Reactivity as examined by flow cytometry, ELISA, RIA,
immunoprecipitation, and immunoblotting against whole cells,
membrane preparations, and cell lysates demonstrated that Y10
specifically recognized EGFRvIII while completely failing to
recognize the wild-type EGFR.

Y10 Mediates Autonomous, Complement-Mediated, and Cell-Medi-
ated Cytolysis with Murine and Human Effector Cells in Vitro. To
determine whether unarmed Y10 could mediate autonomous or
cell-mediated cytolysis of tumor cells expressing EGFRvIII, in
vitro cytotoxicity assays were performed in the absence and
presence of effector cells. Both Y10 and isotype-matched control
mAb M22.1 failed to induce significant cytolysis in a 24-h assay
in the absence of effector cells (Fig. 1). At this time point, the
presence of murine effector cells did not significantly enhance
lysis produced by M22.1 (P 5 0.67) but significantly enhanced
lysis mediated by Y10 from undetectable levels to a level of lysis
equal to that produced by 1 M NaOH (maximal lysis; P ,
0.0018). After 72 h of incubation, M22.1 still failed to mediate
significant lysis in the absence or presence of effector cells,
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whereas Y10 in the absence of effector cells produced lysis equal
to 93.9% of maximal lysis (P 5 0.0014). In the presence of
effector cells, Y10 again mediated target cell lysis to a degree
similar to that produced by 1 M NaOH. In similar assays with
human effector cells and the EGFRvIII-expressing human-
malignant glioma cell line U87MGDEGFR as a target, M22.1
again did not significantly lyse target cells under any conditions.
In this system, unarmed Y10 also did not significantly lyse target
cells in the absence of effector cells but, in the presence of
effector cells, produced lysis equal to 73% of that induced by 1
M NaOH within 72 h (data not shown). Both assays were
performed at least two times and produced similar results in each
experiment.

To determine whether Y10 could produce complement-
mediated lysis in vitro, lysis of B16-msEGFRvIII cells was
examined in the presence of EGFRvIII-specific antibodies and
rabbit complement. In this assay, titrations of affinity-purified
and absorbed EGFRvIII-specific polyclonal rabbit antisera (1)
produced lysis equivalent to 86% and 48% of maximal lysis at
dilutions of 1y50 and 1y250, respectively. Similarly, titrations of
Y10 produced 63% and 14% of maximal lysis at concentrations
of 5 and 0.02 mgyml, respectively. All other isotype-matched
control antibody combinations on EGFRvIII-expressing targets
and all negative cell targets exhibited lysis less than 5.6% of
maximal lysis.

Y10 Inhibits DNA Synthesis and Tumor Cell Proliferation in Vitro. To
confirm whether autonomous cytolysis was induced by Y10 and
to determine whether Y10 had antitumor effects aside from
cytolysis, B16-msEGFRvIII cells incubated with mAbs as de-
scribed above, in the absence of effector cells, were counted and
stained with propidium iodide and studied by flow cytometry. As
expected, incubation with isotype-matched control mAb M22.1

failed to induce significant cell death, whereas incubation with
Y10 produced a decrease in cell number (Fig. 2A) and increased
the mean percentage of subcellular events indicating cell death
from 0.52% with M22.1 to 45.99% (P , 0.001; Fig. 2B).
Similarly, Y10 reduced the mean percentage of cells in the S, M,
and G2 phases of the cell cycle from 42.71% to 32.86% (P ,
0.001) indicating a decrease in DNA synthesis and cellular
proliferation. These findings were confirmed by population
growth curve analysis as well. Based on the results of these initial
studies, we chose to evaluate Y10 for antitumor effects in vivo.

Systemic Treatment with Y10 Protects Mice Against s.c. Tumor Chal-
lenge and Induces Long-Lasting Antitumor Immunity. To determine
whether Y10 could mediate effective antitumor responses in
vivo, we challenged C57BL6yJ mice with a lethal dose of
B16-msEGFRvIII cells s.c. These mice were then treated with
i.p. injections of Y10 every other day as described. In two
separate experiments, all mice treated with DPBS (n 5 20) or
isotype-matched control mAb M22.1 (n 5 20) uniformly devel-
oped lethal tumors (Fig. 3). In these same experiments, mice
treated with Y10 (n 5 20) never developed palpable tumor, and

Fig. 1. Lysis of B16-msEGFRvIII cells in vitro by anti-EGFRvIII mAb Y10 with
and without murine peritoneal macrophages. B16-msEGFRvIII cells are B16
murine melanoma cells stably transfected to express a murine homologue of
the human tumor-specific EGFR mutation EGFRvIII. Y10 is a murine IgG2a mAb
that specifically recognizes EGFRvIII. M22.1 is an isotype-matched control
murine mAb. B16-msEGFRvIII cells are labeled with 3H, incubated on ice in a
solution of DPBS containing 0.1 mgyml of mAb, and then added to wells
containing peritoneal macrophages harvested from C57BL6yJ mice and
purified by plastic adherence. Degree of lysis is expressed as a percentage of
maximal possible lysis as induced by 1 M NaOH. Effector-to-target ratio is 10:1.
Gray bars indicate lysis after 24 h, and black bars indicate lysis after 72 h. In the
absence of effector cells, unarmed Y10 mediates no lysis within 24 h but nearly
complete lysis of all target cells within 72 h. In the presence of effector cells,
complete lysis is achieved within 24 h. Asterisks indicate conditions where Y10
produced significantly greater lysis than M22.1 (*, P , 0.05). Error bars show
one standard deviation from mean values.

Fig. 2. (A) Cell growth curve after exposure to anti-EGFRvIII mAb Y10. (B)
Flow cytometry plot of B16-msEGFRvIII cell-cycle analysis after exposure to
anti-EGFRvIII mAb Y10. B16-msEGFRvIII cells are B16 murine melanoma cells
stably transfected to express a murine homologue of the human tumor-
specific EGFR mutation EGFRvIII. Y10 is a murine IgG2a mAb that specifically
recognizes EGFRvIII. M22.1 is an isotype-matched control murine mAb. B16-
msEGFRvIII cells incubated with 10 mgyml mAb. Triplicate 10-mm tissue cul-
ture plates were harvested for counting and staining with propidium iodide
for flow cytometric analysis at each time point. Error bars show one standard
deviation from the mean for each count.

Sampson et al. PNAS u June 20, 2000 u vol. 97 u no. 13 u 7505

M
ED

IC
A

L
SC

IE
N

CE
S



all mice lived .45 days without evidence of toxicity (P , 0.001).
All mice initially treated with Y10 were then rechallenged with
s.c. tumor. These mice survived an additional 55 days without
evidence of tumor or toxicity. Thus, we chose to evaluate the
therapeutic potential of Y10 further by determining its ability to
eradicate tumors from the immunologically privileged CNS.

Intratumoral Treatment with Y10 Prolongs Survival in Mice with i.c.
Tumors. In experiments similar to those performed in mice with
s.c. tumors, systemic treatment with Y10 failed to induce signif-
icant increases in median survival in mice with i.c. tumors.
Therefore, we investigated the efficacy of direct intratumoral
injections of Y10 for the treatment of i.c. tumors. Mice were
challenged with a lethal dose of B16-msEGFRvIII cells i.c. and
then treated with a single intratumoral injection of Y10 1 day
after tumor implantation as described. In one experiment, mice
treated with isotype-matched control mAb M22.1 (n 5 10) had
a median survival of 17 days, whereas mice treated with Y10 (n 5
10) had a .488% increase in median survival to .100 days (P ,
0.001; Fig. 4). In addition, in this experiment, 6y10 mice treated
with Y10 survived without evidence of tumor. Under the same
conditions, treatment with DPBS (n 5 10) produced negative
results similar to those obtained with M22.1. Overall, in a total
of nine experiments, Y10 (n 5 177) increased median survival
by 286% relative to treatment with M22.1 (n 5 115; P , 0.001).
In addition, all mice in all experiments treated with DPBS or
M22.1 succumbed to tumor, whereas across all experiments an
average of 26% of mice treated with a single intratumoral
injection of Y10 lived .100 days without evidence of tumor
growth or toxicity. Treatment of mice 3 days after i.c. tumor
challenge, when tumors were histologically evident as estab-
lished tumors, produced similar results. In mice treated with Y10
that died from tumor, immunohistochemical analysis of the
tumors demonstrated uniform positive staining for msEGFRvIII
similar to that seen in tumors from mice treated with M22.1 or

DPBS, indicating that progressive tumors in mice treated with
Y10 were not antigen-loss variants. Finally, unlike mice that
rejected s.c. tumors, when mice surviving i.c. tumor challenge
were rechallenged with tumor in the contralateral cerebral
hemisphere, all mice succumbed to tumor, with a median
survival not different from that observed in control mice,
indicating a failure to develop a sustained immune response
sufficiently potent to affect tumors growing within the brain.

Rejection of i.c. Tumors by Intratumoral Y10 Requires the FcR and Is
Independent of Complement. To examine the therapeutic role of the
Fc portion of the mAb in this model, we used mice with deletions
of both FcRg and FcgRII genes (no. 000585-MM, Taconic Farms)
that were devoid of all receptors for IgG. Treatment of i.c. tumors
in these double-knockout mice with Y10 as described above pro-
duced median survival times of only 20 days (P . 0.4), indicating
that the FcRs are also an absolute requirement for the therapeutic
mechanism of Y10 in this model (Fig. 4).

Although these data implied that the cytolysis induced by Y10
was not mediated by complement, to confirm this implication
further, wild-type C57BL6yJ mice with i.c. tumors were depleted
of complement factor C3 before therapy with Y10 (n 5 24) or
M22.1 (n 5 20) as described in Materials and Methods. In these
experiments, complement depletion did not significantly impair
the observed efficacy of intratumoral Y10 against i.c. tumors
(P 5 0.4; data not shown). These data also provide additional
evidence that the complement-mediated lysis induced by Y10 in
vitro plays a minor role, if any, in the efficacy of Y10 against i.c.
tumor in vivo.

Rejection of i.c. Tumors by Intratumoral Y10 Is Independent of
Granulocytes, NK Cells, and T Lymphocytes. To define the effector
cells responsible for the FcR-dependent cytolysis mediated by
Y10 in this model, mice with i.c. tumors were depleted of
leukocyte subsets throughout mAb therapy (n 5 10 in each
group in each experiment). Two separate experiments demon-

Fig. 3. Volume of s.c. B16-msEGFRvIII tumors in C57BL6yJ mice treated with
Y10. B16-msEGFRvIII cells are B16 murine melanoma cells stably transfected to
express a murine homologue of the human tumor-specific EGFR mutation
EGFRvIII. Y10 is a murine IgG2a mAb that specifically recognizes EGFRvIII.
M22.1 is an isotype-matched control murine mAb. Mice were challenged with
15,000 B16-msEGFRvIII cells s.c. and treated i.p. with 500 mg of Y10 or M22.1
mAb on the day of tumor challenge and with 200 mg of mAb every other day
thereafter for 20 days. Treatment with M22.1 failed to protect against tumor
growth. Treatment with Y10, however, protected 100% of the mice from
tumor growth, and all mice treated with Y10 survived for 45 days without
evidence of tumor. All mice were rechallenged with tumor at this point but
again failed to develop tumor. Asterisks indicate where mean tumor growth
in mice treated with M22.1 exceeded that in mice treated with Y10 (*, P ,
0.05). Error bars show one standard deviation from mean values.

Fig. 4. Survival of C57BL6yJ mice with i.c. B16-msEGFRvIII tumors treated
with anti-EGFRvIII mAb Y10. B16-msEGFRvIII cells are B16 murine melanoma
cells stably transfected to express a murine homologue of the human tumor-
specific EGFR mutation EGFRvIII. Y10 is a murine IgG2a mAb that specifically
recognizes EGFRvIII. M22.1 is an isotype-matched control murine mAb. Mice
were challenged with 500 B16-msEGFRvIII cells i.c. and treated 24 h later with
a single bolus of 10 mg of mAb injected directly into the tumor. In wild-type
mice, intratumoral injection of Y10 significantly increased median survival by
.488% relative to treatment with M22.1, and 60% of mice treated with Y10
survived for .90 days without evidence of tumor (P , 0.001). Mice that were
rechallenged with i.c. tumor at this point all succumbed to tumor, however. In
mice with deletions of both FcRg and FcgRII genes, treatment with Y10 failed
to increase median survival (P . 0.4).
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strated that the efficacy of Y10 in the i.c. tumor model was not
altered significantly by the depletion of granulocytes (n 5 20;
P 5 0.4), NK cells (n 5 20; P 5 0.47), CD41 cells (n 5 20; P 5
0.5), or CD81 cells (n 5 20; P 5 0.3) compared with Y10-treated
mice (n 5 23) that were not depleted (data not shown). In
addition, histological and immunohistochemical analysis of tu-
mors in mice that were not depleted of any cell subtype dem-
onstrated a paucity of NK cells and CD41 and CD81 lympho-
cytes in and around the tumor in mice treated with either Y10
or M22.1. However, macrophages were found throughout the
tumor matrix and around the tumor periphery in both Y10-
treated and M22.1-treated mice (Fig. 5).

Discussion
Specific targeting of therapeutic agents to tumors has been a goal
of cancer therapy since it was first suggested by Ehrlich almost
a century ago (25). Although mAbs have been useful for
targeting radiotherapy (26–28) and recombinant bacterial toxins
(29, 30) to tumors, such therapy is still limited by the toxicity to
normal tissues resulting from antibodies that are not tumor-
specific and the inherently nonspecific toxicity of the therapeutic
conjugate. In an attempt to reduce toxicity, unarmed antibodies
that target normal cellular proteins that are overexpressed on
tumor cells have been used with some success against human
lymphomas (31) and breast (32) and colon (33, 34) carcinomas
located outside the CNS. The most significant finding reported
herein is that an unarmed mAb that targets an antigen that is
tumor-specific can mediate potent therapeutic antitumor re-
sponses in the CNS. These data also illuminate the possibility
that this immunotherapeutic approach may be useful in the
treatment of other pathologic processes affecting the CNS,
including viral encephalitides or AIDS.

We focused our attention on the utility of Y10 against brain
tumors, because in many ways, unarmed anti-EGFRvIII mAbs
may be an ideal adjunct for the therapy of these tumors.
High-level clonal expression of EGFRvIII is evident on the most
common and most malignant primary brain tumors and seems to
be part of the fundamental pathway toward malignant progres-
sion of these tumors (35). EGFRvIII is also expressed on many

tumors that metastasize to the brain from carcinomas of the lung
and breast (7–9). In addition, unlike other organs subject to
neoplastic transformation, such as the bone marrow, breast, and
prostate, where crossreactivity with normal antigens can be
expected to do limited harm, crossreactivity with normal CNS
antigens could be devastating (36–39). Thus, a tumor-specific
approach is even more important in the CNS. Furthermore,
macrophages (40, 41), microglia (42–44), and astroglial cells
(45), all of which contain FcR, are abundant within brain tumors
(46) and throughout the substance of the brain. Passive immu-
notherapy is also an attractive approach to immunotherapy in
patients with brain tumors, because most of these patients suffer
from a profound and intrinsic immunosuppression that predom-
inantly affects the T cell arm of the immune system (47–49). This
immunosuppression combined with the intrinsic low-level ex-
pression of major histocompatibility complex antigen presenta-
tion molecules in the CNS (50) may severely limit other cell-
mediated immunotherapy approaches. Furthermore, although
systemic delivery of unarmed mAbs into brain tumors (51) and
other solid tumors is limited by a number of physiologic barriers
(52), recent advances in the direct delivery of various substrates
throughout the brain by direct convection-enhanced continuous
microinfusion into the brain substance bypass these obstacles
and allow the delivery of high concentrations of even very large
therapeutic constructs, such as mAbs, throughout the brain
(29, 53).

Another attractive feature of i.c. therapy in this model is that
in contrast to systemic delivery of Y10 for the treatment of s.c.
tumors, our failure to induce a long-acting memory immune
response after treatment in brain with Y10 indicates that im-
munotherapy with this approach may be self-limiting. This
failure may be related to the small dose of mAb delivered into
the brain or an intrinsic difference between the mechanism of
the response induced in the brain, possibly related to the
antiproliferative action of the mAb, and that induced system-
ically. For example, the possibility remains that, in the brain, FcR
crosslinking acts to perturb signal transduction through the
EGFRvIII that has been targeted by the mAb. In either event,
although failure to induce immunologic memory is generally

Fig. 5. Peritumoral infiltrates of F480-positive cells in mice with i.c. B16-msEGFRvIII tumors treated with anti-EGFRvIII mAb Y10. B16-msEGFRvIII cells are B16
murine melanoma cells stably transfected to express a murine homologue of the human tumor-specific EGFR mutation EGFRvIII. Y10 is a murine IgG2a mAb that
specifically recognizes EGFRvIII. M22.1 is an isotype-matched control murine mAb. Brains were analyzed immunohistochemically 15 days after tumor challenge.
B, brain; T, tumor; C, cavity (original magnification: 366).
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considered an undesirable event in immunotherapeutic ap-
proaches, for therapy of brain tumors, this approach may provide
a comfort zone with less risk of inducing a self-perpetuating
immune response that may produce untoward inflammation in
an especially sensitive organ.

Although the results reported in this article are promising, a
number of obstacles will need to be overcome before the ultimate
potential of this unarmed tumor-specific mAb and other similar
agents will be realized. Although tumor specificity has obvious
advantages, one significant potential problem with an agent that
selectively targets a single tumor-specific mutation will be the
intrinsic antigenic heterogeneity of the cells that comprise malig-
nant tumors. Although EGFRvIII seems to represent a nearly
terminal branch of malignant progression for malignant brain
tumors and is expressed clonally within this lineage, neoplastic cells
not expressing this epitope may have a selective growth advantage
under the conditions of therapy with such an agent. In the exper-
iments reported herein, antigen loss variants did not seem to play
a role in treatment failure, however. Tumors derived from mice
succumbing to tumor remained uniformly antigen-positive. This
finding suggests that therapy had been ineffective, perhaps because
of subtle antigen expression down-regulation or because of tech-
nical issues that limit accurate targeting of tumors in the mouse
brain. Still, antigenic heterogeneity will likely remain an issue in the

therapy of human tumors. This traditional limitation of narrowly
specific immunotherapeutic agents such as mAbs may be overcome
by directing the broader repertoire of host immune cells toward the
tumor through use of cytokine-based immunoconjugates. For ex-
ample, Becker et al. (54) demonstrated that large tumor masses with
heterogeneous expression of a targeted antigen could be eradicated
by host immune cells activated by tumor-specific fusion proteins
containing IL-2.

In summary, we have created a murine homologue of an impor-
tant human mutation in the EGFR. Within the context of this
model, we have demonstrated that systemic delivery of unarmed
tumor-specific mAbs that recognize this mutation has potent
antitumor activity against s.c. tumors and generates long-lasting
antitumor immunity. Although systemic delivery of tumor-specific
mAb fails to alter the growth of i.c. tumors, we demonstrate that
direct intratumoral delivery restores the potency of the mAb against
i.c. tumors and mediates potent antitumor effect that is FcR-
dependent and self-limited. These data also establish passive,
unconjugated antibody-based immunotherapy as a viable mecha-
nism of defense against pathologic processes in the CNS.
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